Abstract. The results of quantum dot (QD) probe preparation for multiplexed single-cell array staining and analysis are reported. By controlling the reaction temperature, time, and ratio of Cd to Se, multicolor CdSe QDs emitting fluorescence ranging from purple to red in a safer, simpler, and more convenient way than traditional methods is obtained. To detect cells using these oil-soluble QDs, they are first coated with water-soluble thioglycolic aid (TGA) so that biocompatible multiwavelength bioprobes can be obtained. QDs' surface is somewhat damaged when binding TGA to QDs is found, which results in a reduction of QDs' emission wavelength and a slight blue shift of QDs' emission wavelength after water-soluble modification with TGA. Comparison of the emission spectrum showed that it is negligible, and the fluorescent properties of QDs capped by TGA are still satisfactory. Living cells are then stained with multiplexed probes by conjugating TGA-QDs with antibodies specific to these cell antigens. Changes in fluorescence intensity can indicate change in the relative quantity of antigens expressed in the same cell caused by external stimulus, offering effective methods to multiplexed optical analysis of single cells. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
The potential application of quantum dots (QDs) as bioprobes is promising due to their quantum scale effects and special fluorescent properties. When compared with normal fluorescent materials, QDs have advantages including long-term photostability, higher intensity, tunable size, broad UV excitation profiles, and narrower emission spectra. 1, 2 These properties allow QDs to label different materials at the same time, 3, 4 contributing to their usefulness as qualitative and quantitative probes for multiplexed detection. [5] [6] [7] QDs provide new approaches for real-time, high-sensitivity, and dynamic fluorescent imaging in DNA and protein detection as well as relevant biochips and biosensors. [8] [9] [10] Tumors have cellular heterogeneity, which leads to different responses to drugs and the environment as well as the failure of cancer treatment. 11, 12 Therefore, it is important to study cancer cells' cellular heterogeneity. With the single-cell array, we can micropattern cells as designed; so, we can focus on the individual behaviors and their reactions to the drugs, rather than that of the cell colony. As a result, we can have a better understanding of cellular heterogeneity. Combining single-cell arrays with QD probes, we can achieve multiplexed detection of the behaviors of individual cells and high-throughput drug screening.
CdE (E is S, Se, or Te) QDs have high quantum yield, good fluorescence properties, and long-term fluorescence stability and can easily be modified as bioprobes for biomedical detections. In the late 1980s and early 1990s, Stuczynski et al. 13 and
Murray et al. 14 obtained CdE QDs using an organic system CdðCH 3 Þ 2 . Although Bowen et al., 15 Peng et al., 16 and Peng et al. 17 improved the method, it still requires difficult experimental conditions and is susceptible to explosion. In 2001, Peng and Peng 18 obtained high-quality CdE QDs and avoided a latent explosion by using CdO instead of CdðCH 3 Þ 2 . Unfortunately, octadecene (ODE) solvents and organic ligand trioctylphosphine oxide (TOPO) are expensive and poisonous, which makes this method impractical. In 2005, Deng et al. 19 replaced ODE and TOPO with paraffin liquid and oleic acid (OA), developing a low-cost and environment-friendly approach to prepare CdSe QDs. This approach allows easier control of the diameter of QDs and reduces their nucleation rate.
Besides CdE QDs, other QDs like ZnS QDs, ZnO QDs, and carbon nanoparticals are also used as new quantum fluorescent materials in cell imaging and drug studies. Although ZnO QDs have relatively poorer characteristics of quantum yield and water solubility than CdE QDs, they have advantages of nontoxic, low cost, and long-term fluorescence stability. This allows their extensive application in biomedical research. [20] [21] [22] In 2010, Yuan et al. 23 synthesized water-dispersed ZnO QDs and successfully loaded them with anticancer drugs to deliver them. In 2012, Jia and Misra 24 immobilized many ZnO QDs on a silica nanosphere increasing its quantum yield and photoluminescence in bioimaging. In addition, silica nanospheres offered good water compatibility and chemical stability.
Although QDs synthesized in organic systems have better spectral properties than those synthesized in water, hydrophilic modification is still required because of their fat-soluble characteristics when used as bioprobes. These fat-soluble QDs are usually modified by sulfhydryl compounds, 25, 26 silanization, QDs have advantages in real-time dynamic fluorescent analysis, because they are sensitive and simple to be used in image acquisition. Here, we focused on the QDs' unique fluorescent characteristics to realize their usefulness in multiplexed staining of cells. To obtain probes of a broader fluorescence range for multiplexed staining in an easier, lower-cost, and more environment-friendly way, paraffin liquid was used as solvent and OA as stabilizer. The relationships between QD's emitting wavelengths and several synthesizing conditions are investigated in detail including temperature, time, and ratio of Cd to Se. By controlling the reaction temperature, time, and ratio of Cd to Se, we obtained stable multicolor QDs emitting fluorescence ranging from purple to red with a lower temperature and a shorter time, which is much safer, simpler, and more convenient than traditional methods.
To detect cells using these lipid-soluble QDs, they were capped with thioglycolic aid (TGA), which allowed the synthesis of water-soluble and biocompatible multiwavelength bioprobes. Furthermore, we stained living cells with multiplexed probes by conjugating TGA-QDs with antibodies and by using specific binding between the antibodies and the antigens. With the media of antibodies, we can study antigens with QD probes. Detecting QDs' fluorescence can indicate the relative quantity of the antigens expressed by a single cell, which allows the multiplexed detection of a single-cell array. The relative quantity of antigens expressed by the same cell can be shown by analyzing changes in the fluorescence of a single cell in reaction with drug stimuli or environmental variation. With the same method, we can also label other targets (such as protein, peptides, biotinylated materials, and chemicals with amidogen) to study the behaviors of cells. These qualities of QDs meet the requirements for their use in multiplexed optical analysis of single-cell arrays, which is difficult in most cases at present.
Materials and Methods

Materials
Cadmium oxide (CdO), Selenium (Se) powder, OA (analytical grade), paraffin liquid (analytical grade), cyclohexane (analytical grade), TGA (analytical grade), methyl alcohol (analytical grade), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (analytical grade), and phosphate buffer solution (PBS) (pH ¼ 7.2 to 7.4) were used.
Synthesis of CdSe QDs
To prepare stock Cd solution, a mixture of CdO (1.284 g, 10 mmol), OA (10 mL), and paraffin liquid (20 mL) are loaded into a three-neck flask. Next, the mixture is heated slowly to 150°C in nitrogen. The heating process continues at 150°C until all CdO dissolves, generating a dark red homogeneous Cd solution. To prepare the stock Se solution, we loaded Se powder (0.04 g, 0.5 mmol) and paraffin liquid (30 mL) in another three-neck flask and heated the mixture slowly to 210°C in nitrogen. The heating process continued at 220°C with rapid stirring until all Se powder dissolved, generating a yellow homogeneous Se solution. Then, we injected the Cd stock solution (3 mL, containing 1 mmol Cd) into the Se stock solution (Cd∶Se ¼ 2∶1) and kept the mixture reacting at 220°C to grow the CdSe QDs. Finally, the QDs are separated by centrifugation, wash the QD deposit several times using cyclohexane and airproof them in cyclohexane at 4°C.
Water-Soluble Modification of QDs
First, we extracted 1 mL of the QDs solution and diluted it using 2 mL cyclohexane. Once diluted, we added 0.25 mL TGA to the QD and cyclohexane solution, and TGA-QDs (Fig. 1) floccules were obtained by concussing the mixture for 30 min. Next, the solution was centrifuged at 5000 rpm to remove the supernatant, and TGA-QDs deposition was extracted. The TGA-QDs deposition was further purified after washing three times with methyl alcohol. After washing with methyl alcohol, the homogeneous TGA-QDs aqueous solution was made by dissolving TGA-QDs in PBS. Finally, the solution was washed at least three times with PBS. During this process, a 100,000 MWCO membrane spin filter was used to remove large aggregates.
Conjugating Antibodies with TGA-QDs
To conjugate TGA-QDs with antibodies, we diluted TGA-QDs (QD620: red and QD520: green) with 600 μL PBS and mixed the solution with EDC and antibodies (anti-human CD15 and anti-human CD45). The mixing ratios used were TGAQDs∶EDC∶antibodies ¼ 1∶1000∶0.5 ðmolÞ. Next, the solution was incubated at 25°C by shaking 2 h in the dark and by blocking the reaction at 4°C overnight. This allows the unreacted EDC to hydrolyze and to lose its activity. Finally, the solution is washed at least three times with PBS. During this process, a 10,000 MWCO membrane spin filter is used to remove unconjugated TGA-QDs, after which the QD-antibody solution is obtained (Fig. 2 ).
Single Staining and Multiplexed Staining with QDs
The human promyelocytic leukemia cell-line HL60 was maintained in Roswell Park Memorial Institute (RPMI-1640) medium with 10% fetal bovine serum and 1% penicillin-streptomycin solution. The cells were cultured in humidified atmosphere at 37°C and 5% CO 2 . Li and Ho proposed an approach for cells patterning by generating a two-dimensional hexamethyldisilazane monolayer on the glass substrates, a protein adsorption template. 32 Also, we have reported a cells patterning result of human promyelocytic leukemia cells based on bio-MEMS. 33 In single-cell staining, cells were incubated with QD-antibodies (conjugation of QD620 and anti-human CD45) for 1 h. Next, cells were washed three times with PBS to remove unstained QD-antibodies. For multiplexed staining, we prepared two types of QD-antibody conjugates, QD520 with anti-human CD15, 34, 35 and QD620 with anti-human CD45. 36, 37 Using the same method as described above, cells were incubated using a mixture of QD520-antihuman CD15 and QD620-anti-human CD45 for 1 h. Finally, the cells were washed three times with PBS to remove unstained conjugates (Fig. 3 ).
Spectral Imaging and Signal Quantitation
An Olympus IX71 fluorescence microscope was employed to capture images with exciter filter BP470-495 and barrier filter BA510-IF. The exposure time was 200 ms, and the magnifications were 100× and 200×, based on which the intensity maps of multiple spectral distributions were calculated, as described above.
Results and Discussion
Influences of Reaction Time and Temperature on QD Properties
During synthesis, the reaction time determines the growth time of QDs sequentially affecting the diameters of QDs. To study this influence, we synthesized QDs at 220°C (when Cd∶Se ¼ 2∶1) and extracted samples of the solution at 15 s, 30 s, 1 min, 5 min, 10 min, 30 min, and 1 h time points. Next, we diluted and cooled the solution in cyclohexane, obtaining QDs at different time points. We also observed the fluorescence of the washed and dried QDs under the UV light. As the reaction time increases, the QDs' fluorescence changed from purple to orange.
We also measured the emission spectrum of QDs that have reacted for 1 min, 5 min, 10 min, 30 min, and 1 h (sample nos., respectively: I-1, I-2, I-3, I-4, and I-5). From this spectrum, we observed a red shift (Fig. 4) with a wavelength ranging from 537.5 to 596.5 nm (Table 1 ). Since QDs grow as time goes by, their diameters became bigger for which the fluorescence generates a red shift. However, the rate of QDs' growth slows as time goes by, so does the speed of fluorescence's red shift.
To broaden the range of QDs' fluorescence, we took the influence of the reaction temperature into consideration. Instead of synthesizing QDs at 220°C, we increased the synthesizing temperature to 250°C. Under this temperature, we can see obvious red shift of QDs' fluorescence as the temperature increases under UV light without using complex equipment. Meanwhile, risks that often occur at higher temperatures can also be avoided. Moreover, we compared QDs' emission spectrum synthesized at 220°C and 250°C to learn the specific trend and the increasing rate of QDs' emission wavelength with the temperature. Based on these results, we can obtain specific synthesizing parameters when preparing QDs probes of certain fluorescence for the analysis of single-cell array. We extracted part of the solution with the same reaction time above (sample nos.: II-1, II-2, II-3, II-4, and II-5) and compared the fluorescence wavelength of QDs growing at 220°C with those growing at 250°C (Table 1) . Table 1 shows that emitting wavelengths of QDs at 250°C are longer than those at 220°C with the same growth rate, and after reacting for 1 h, we obtain QDs which emit red lights under the UV light (Fig. 5) . It is, therefore, concluded that the growth speed of QDs increases as temperature rises. As a result, the diameter of QDs synthesized with the same duration at a higher temperature increases, leading to a red shift in the fluorescence. Therefore, we can obtain QDs of long-wavelength fluorescence by enhancing the reaction temperature with the same reaction time.
As discussed above, since the speed of QDs' growth is slower at lower temperatures, the wavelength of the fluorescence is also shorter. On the contrary, the wavelength of fluorescence is longer at higher temperatures. Therefore, by combining these two reaction temperatures, we can obtain QDs with various fluorescence, meeting the requirement of multicolor QDs for the multiplexed detection of the single-cell array.
Influence of Ratio of Cd to Se on Properties of QDs Synthesized
Although the fluorescence of QDs will generate a red shift when the temperature increases, the speed of QDs' growth using this method is generally slow. Therefore, it takes a long time to gain QDs that emit fluorescence of long wavelength with the speed of QDs' growth becoming slower as the reaction continues. Unless QDs are incubated at a high temperature, it is difficult to obtain long wavelength fluorescence such as red.
To reduce the reaction time, we can further increase the temperature; but this increases the difficulty and the risk of the experiment, while negatively affecting the control of the QD diameter. In order to shorten the reaction time, while maintaining the simplicity and safety of the experiment, we should take other factors into consideration like the ratio of Cd to Se.
When increasing the ratio from 2 to 6, we can see a red shift in QDs' fluorescence. To learn the specific trend and the increasing rate of QDs' emission wavelength as guidance for synthesizing QDs probes of a certain fluorescence, we also compared the emission spectrum of QDs synthesized at the ratios of Cd to Se at 2 and 6 and the reaction temperature of 220°C. When the reaction times are 1 min, 5 min, 10 min, 30 min, and 1 h (sample no. with ratio 6, respectively: III-1, III-2, III-3, III-4, and III-5), we extracted samples of the reaction solution to obtain QDs and compared their emission wavelength (Table 2) . Table 2 shows a red shift of the fluorescence as a result of the acceleration of QDs' growth (Fig. 6 ) when the ratio of Cd to Se increases with the same reaction time and temperature. Therefore, we can obtain longer emission wavelength QDs in a shorter time, as long as the ratio of Cd to Se increases. Particularly, we can obtain red fluorescence (629.0 nm) when the ratio is 6, rather than orange fluorescence (596.5 nm) when the ratio is 2, using the same reaction time (60 min).
In conclusion, we can effectively shorten the reaction time to synthesize long emission wavelength QDs by controlling the ratio of Cd to Se. The red shift of QD fluorescence can be achieved more effectively by increasing the ratio from 2 to 6, which is also safer and easier when compared with raising the reaction temperature from 220°C to 250°C. In order to broaden the range of QDs' emission wavelength to the maximum extent for multiplexed detection, this ratio is given priority in the following experiments.
Based on the influence of the reaction time, ratio of Cd to Se, and temperature on fluorescent properties of CdSe QDs, we can effectively obtain multicolor QDs with fluorescence varying from purple to red in a short reaction time meeting the requirements for a multiplexed cell assay and improving the capacity of the assay with a broad color range.
What is more, with the specific parameters of the reaction time, the temperature, and the ratio, we can synthesize the QDs of suitable fluorescent wavelength with a lower temperature and shorter time, which is safer, simpler, and more convenient in most cases.
Characterization of QDs' Water-Soluble Modification
In order to test the effect of water-soluble modification by TGA, we capped TGA to QDs solution I-3, II-4 and III-4, respectively [sample no.: I-3 (TGA), II-4 (TGA), and III-4 (TGA)] and detected their emission spectrum (Table 3) . By comparing the emission spectrum (Fig. 7) , we can find that after water-soluble modification with TGA, a slight blue shift of QDs' emission wavelength occurred. When binding TGA to QDs, QDs' surface is somewhat damaged resulting in a reduction in QDs' emission wavelength. However, the blue shift caused by this modification is negligible, and the fluorescent properties of QDs capped by TGA are still satisfactory. Therefore, water-soluble modified QDs of various emission wavelengths can be employed for multiplexed labeling, Fig. 6 Influence of ratio on the emission spectrum of QDs (220°C, the ratios of Cd to Se are 2 and 4, respectively) with varied reaction time (normalized image). which can easily be distinguished under the fluorescence microscope.
Conjugating Antibodies with TGA-QDs
When studying cells' behaviors or reactions to drugs, it is important to detect their abilities to express proteins or transmit signals. As it is difficult to conjugate proteins expressed by cells inside or on the surface with QD probes, we can conjugate QDs with these proteins' antibodies. This allows the labeling of target proteins, by which we can study the behaviors of these proteins with QD probes. Moreover, when detecting cancer cells, we also utilize fluorescence in labeled antibodies to conjugate with cancer markers. In the following studies, we utilize QDs to conjugate antibodies and staining cells, so that we can study the labeling and staining characteristics of QD probes.
With the same method, we can also conjugate QDs with other targets, like proteins and peptides, to study cell behaviors. With catalysis of EDC, the carboxyl of TGA and the amino residue of the antibodies can become amide linkage combining TGA-QDs and antibody. In order to confirm whether antibodies were conjugated with TGA-QD, we first conjugated QD620 with anti-human CD45 (molecular weight: 150 kD), using the method described above. The different components of the mixture were then separated using SDS-PAGE electrophoresis (Fig. 8) . 38 In channel 1, the solution was washed with a 100,000 MWCO membrane spin filter to remove unconjugated QDs. In channel 2, the solution was unchanged. From the image of the SDS-PAGE gel electrophoresis, we can see that there are three bands-QD620, anti-human CD45, and QD620-anti-human CD45, respectively, in channel 2. In channel 1, as QDs were removed by ultrafiltration, there are only two bands, whose molecular weights are the same as the components in the channel 2. Since we can find the bands of QD620-anti-human CD45 in the image of the gel electrophoresis, we can conclude that we can obtain QDs-conjugated antibodies using the method mentioned above, which can be used as bioprobes. However, we can still find unconjugated antibodies in the washed solution, as shown on the image of channel 1. In order to minimize the quantity of unconjugated antibodies to alleviate the interference on cell staining, we make TGA-QDs excessive in amount when conjugating.
Single Staining with QDs
QDs have long-term photostability and fluorescent intensity. They are about 100 times as stable as rhodamine 6G (R 6G) against photobleaching (QDs' time constant t 1∕2 ¼ 960 s, R 6Gs' time constant t 1∕2 ¼ 10 s) and about 20 times as strong as R 6Gs' fluorescence intensity. 39 Therefore, we can use QDs for long-term tracing and do not need to consider the changes in fluorescent intensity of individual QD probes when calculating the relative quantity of the targets through analyzing QD probes fluorescent intensity.
Utilizing the QD bioprobe preparation method as described above, we conjugated QD620 with anti-human CD45 to obtain QD620-anti-human CD45 and stained living HL60 cells with QD620 probes (red). Comparing the fluorescent image [ Fig. 9(a1) ] with the bright-field image [ Fig. 9(a2) ] at 100× magnification, we can find that the cells were dyed red, leading to cells' single staining with QDs successfully. With 200× magnification [Figs. 9(b1) and 9(b2)], we can find that most of the cells have been dyed red, yet the intensity of the fluorescence is different. The intensity of the fluorescence is determined by the human CD45's expression of the cell; the more the antigens on the cell, the stronger the fluorescence. From the fluorescent images of the stained cells, we can conclude that QD-antibodies prepared by the above-mentioned methods are suitable bioprobes for single-cell array. Changes in fluorescence intensity can indicate the dynamic antigens' expression in the same cell. Moreover, with the long-term photostability of QDs, we can continuously trace fluorescent changes of the cells for a long time to study these antigens' behaviors when stimulated by chemicals or environmental changes.
Multiplexed Staining with QDs
As QDs have a broad excitation spectrum, we can excite most of the QDs with different fluorescence under the same light source at the same time. We can also detect more than one targets labeled by different QD probes at the same time without switching among different exciting lights.
To carry out multiplex detection of single-cell array, we should investigate whether QD-antibodies could be employed as multiplex probes and multiplexed staining of the cells could be accomplished. By conjugating QD520 to antihuman CD15 and QD620 to anti-human CD45, we obtained two types of bioprobes: QD520-anti-human CD15 (green) and QD620-anti-human CD45 (red). With these two probes, The redder the cells, the more the human CD45 is expressed by the cells and vice versa. Therefore, from the fluorescence images of the cells, we can conclude that these QD-antibodies are also appropriate probes for multiplexed staining. This type of fluorescence can also indicate changes in the relative quantity of different antigens expressed by the same single cell caused by external stimuli. Moreover, we can also trace more than Journal of Biomedical Optics 096005-7 September 2013 • Vol. 18 (9) one antigen at the same time for a long time with external stimuli. This meets the requirement for multiplexed detection of single-cell array.
Potential Toxicity Associated with QDs
To test QDs' cytotoxicity to HL60, we added 0.5 pmol QDs in an experimental group at 100 μL∕well and cultured it for 24 h, which is the same as the QDs' concentration and tracing time in the multiplexed staining and detecting experiments above. Meanwhile, the control groups were cells of the same concentration at 100 μL∕well without QDs. First, by comparing the appearance and the outline of experimental and control groups, we found no obvious difference. Second, we utilized Trypan Blue to test cells' survival rate. Survival rate ¼ ð1 − number of cell died∕ total number of cellsÞ × 100%. The survival rate of control groups was 97.7%, and the survival rate of experimental groups was 90.7% (Fig. 11) . Third, we utilized MTT kit to test QDs' inhibition to cell viability. Inhibition rate ¼ ½ 1 − ðabsorbance value of experimental groups − absorbance value of the blankÞ ∕ ð absorbance value of control groups − absorbance value of blankÞ × 100%. To eliminate QDs' disturbance to the absorbance value, we added 0.5 pmol QDs in a control group just before testing it with microplate absorbance reader. The inhibition rate of QDs was 11.6% (Fig. 12) . Therefore, by comparing cells' outline, survival rate, and testing inhibition rate, we found that QDs have some cytotoxicity to HL60, but the cytotoxicity was insignificant in 24 h and would not affect the experimental results of multiplexed staining and detection.
Conclusion
For cellular proteins optical tracing and imaging, we developed an easy, environmentally friendly, and low-cost way to prepare QDs of wide emitting fluorescence spectra ranging from purple to red. By controlling the ratio of Cd to Se, we achieved preparation of multiplexed QDs at low temperature within a shorter time period, that is safer, simpler, and more convenient than traditional methods. We also used TGA to realize water-soluble modification for QDs. It is an easy method to modify QDs without changing the size and the characteristics of the QDs. This reduces the influence of water-soluble modification during cell labeling. TGA modification makes it full of carboxyl residues on the surface of QDs, which makes it easy to conjugate QDs to antibodies by forming amide bonds.
Finally, we showed multiplexed labeling of cells using different QDs by binding antibodies conjugated to QDs and antigens on the surface of the cells. Multiplexed staining is important, because we can obtain the relative quantity of antigens on the cells' surface by analyzing the mixed fluorescence of the cells. This method allows us to analyze changes in the quantity of antigens or proteins in a single cell in real time. Also, we can detect the influence of drugs or other environmental stimuli to cell receptors' expression and binding abilities between receptors and ligands or antagonists, offering effective methods to drug screening.
The approaches presented in this article for multiplexed living cells staining with QD bioprobes are applicable to optical cell sensors and instruments. With the same method, we can also label other targets (such as protein, peptides, biotinylated materials, and chemicals with amidogen) to study cells' behaviors. In further studies, we will utilize these bioprobes in the single-cell array to indicate the relative quantity of antigens and receptors expressed by the same cell in drug screening. Fig. 11 The image of living cells' rate after culturing HL60 with and without QDs for 24 h. Total cell number of every group: 100. Fig. 12 The image of absorbance value after culturing HL60 with and without QDs for 24 h and inhibition rate of 5 nM QDs to HL60. Absorbance value ¼ absorbance value of experimental groups ðor control groupsÞ − absorbance value of the blank.
